Hypercholesterolemia is a well known risk factor for the development of neurodegenerative disease. However, the underlying mechanisms are mostly unknown. In recent years, it has become increasingly evident that cholesterol-driven effects on physiology and pathophysiology derive from its ability to alter the function of a variety of membrane proteins including ion channels. Yet, the effect of cholesterol on G protein-gated inwardly rectifying potassium (GIRK) channels expressed in the brain is unknown. GIRK channels mediate the actions of inhibitory brain neurotransmitters. As a result, loss of GIRK function can enhance neuron excitability, whereas gain of GIRK function can reduce neuronal activity. Here we show that in rats on a high-cholesterol diet, cholesterol levels in hippocampal neurons are increased. We also demonstrate that cholesterol plays a critical role in modulating neuronal GIRK currents. Specifically, cholesterol enrichment of rat hippocampal neurons resulted in enhanced channel activity. In accordance, elevated currents upon cholesterol enrichment were also observed in Xenopus oocytes expressing GIRK2 channels, the primary GIRK subunit expressed in the brain. Furthermore, using planar lipid bilayers, we show that although cholesterol did not affect the unitary conductance of GIRK2, it significantly enhanced the frequency of channel openings. Last, combining computational and functional approaches, we identified two putative cholesterol-binding sites in the transmembrane domain of GIRK2. These findings establish that cholesterol plays a critical role in modulating GIRK activity in the brain. Because up-regulation of GIRK function can reduce neuronal activity, our findings may lead to novel approaches for prevention and therapy of cholesterol-driven neurodegenerative disease. . 3 The abbreviations used are: GIRK, G protein-gated inwardly rectifying potassium; Kir channel, inwardly rectifying potassium channel; PI(4,5)P 2 , phosphatidylinositol 4,5-bisphosphate; M␤CD, methyl-␤-cyclodextrin; ANOVA, analysis of variance; diC 8 , 1,2-dioctanoyl-sn-glycerol.
G protein-gated inwardly rectifying potassium (GIRK) 3 (or Kir3) channels mediate many of the actions of inhibitory neu-rotransmitters (1) (2) (3) (4) (5) (6) (7) (8) (9) , translating chemical transmission to electrical signaling at post-synaptic sites, and thereby constituting the main mechanism for generating slow inhibitory post-synaptic potentials (10) . Specifically, in response to neurotransmitter stimulation of G protein-coupled receptors such as the GABA B receptor, GIRK channels hyperpolarize neurons, thereby controlling their excitability (e.g. Refs. 3 and 11-15) . As a result, an increase in GIRK currents may affect synaptic function early in development and reshape the electrical balance in the brain in mature animals (16) .
Cholesterol, a critical component of the membranes in all mammalian cells necessary for cell viability, growth, and proliferation, has been shown to alter the function of multiple ion channels including atrial GIRK channels (17) . An increase in cholesterol levels is associated not only with the development of cardiovascular disease (18 -20) but also with the development of neurodegenerative disease (21) (22) (23) . Yet, the effect of cholesterol on GIRK channels expressed in the brain is unknown. We thus focused on the role of cholesterol in the regulation of GIRK channels expressed in the brain.
The most common effect of cholesterol on ion channels is a decrease in channel activity (e.g. for reviews, see Refs. 24 -26) . Examples of channels that were shown to be suppressed by cholesterol include several inwardly rectifying potassium channels (27, 28 ) (e.g. Kir1.1, Kir2.x (x ϭ 1-4), and the C-terminal truncation mutant that renders Kir6.2 active as homomers, Kir6.2⌬36 (29) ) as well as Ca 2ϩ -sensitive K ϩ channels (30, 31) , voltage-gated Na ϩ channels (32) , N-type Ca 2ϩ channels (33) , and volume-sensitive Cl Ϫ channels (34) . In contrast, very few types of channels were enhanced by cholesterol enrichment and/or suppressed by cholesterol depletion. Examples include the transient receptor potential canonical channel TRPC1 (35) , Ca 2ϩ -permeable stretch-activated cation channels (36) , and the epithelial Na ϩ channels (37, 38) . Furthermore, within specific subfamilies of ion channels, the impact of cholesterol is generally uniform. For example, all members of the Kir2 subfamily of channels are suppressed by cholesterol (28) . Thus, our earlier observations of increased GIRK currents in atrial myocytes from rats on a high-cholesterol diet were unexpected (17) . In particular, atrial K ACh channels that are heterotetramers of GIRK1 and GIRK4 (39) were up-regulated by cholesterol (17) . Furthermore, unlike the majority of subfamilies of ion chan-nels, the impact of cholesterol varied within the GIRK subfamily. Whereas the highly active pore mutant GIRK4* (GIRK4_ S143T (40, 41) ) was up-regulated by cholesterol (17, 27) , GIRK1* (GIRK1_F137S (40) ) was down-regulated by cholesterol enrichment (17) . These findings suggested that GIRK4 played a dominant role in determining the impact of cholesterol on atrial K ACh channels.
In the brain, however, expression of GIRK4 is low (42) . Conversely, different combinations of GIRK1, GIRK2, and GIRK3 are abundant (10, (43) (44) (45) (46) (47) 49) . For example, GIRK1, GIRK2a, GIRK2c, and GIRK3 are expressed in the hippocampus (3, 50 -52) . Thus, in view of the differential effect of cholesterol on GIRK subunits expressed in the heart, we investigated the effect of cholesterol on hippocampal GIRK currents. Our data demonstrate that in hippocampal neurons, GIRK currents are enhanced by cholesterol.
Among GIRK subunits expressed in hippocampal neurons, functional channels may be formed from GIRK2 subunits as homomers or as heteromers with GIRK1 and/or GIRK3, both of which do not express as homomers in the plasma membrane (3, (51) (52) (53) (54) (55) (56) (57) . Given that GIRK1* was suppressed by cholesterol (17) , and that the effect of cholesterol on homomeric GIRK3 channels cannot be determined, we investigated the effect of cholesterol on GIRK2 channels expressed in Xenopus oocytes. Our data showed that similarly to the effect of cholesterol on hippocampal GIRK currents, GIRK2 currents in Xenopus oocytes were enhanced by cholesterol. Furthermore, to determine the effect of cholesterol on the open probability of the channel, we employed channel reconstitution into planar lipid bilayers. Last, using a combination of homology modeling, molecular docking, and site-directed mutagenesis, we identified two putative cholesterol-binding sites in GIRK2.
Results

Cholesterol levels in pyramidal neurons are increased in rats on high-cholesterol diet
We have previously shown that after 18 -23 weeks on a highcholesterol diet, rats exhibit a significant increase in total cholesterol and LDL (low density lipoprotein) (58) . To determine the physiological relevance of an increase in blood serum cholesterol levels to neuronal channel activity, we determined the effect of an 18 -23-week-long hypercholesterolemic diet on cholesterol levels in neurons. In particular, we focused on pyramidal neurons freshly isolated from the CA1 region of the hippocampus of rats that have been previously shown to express GIRK subunits (50 -52) .
First, to distinguish freshly isolated pyramidal neurons from other cell types, we used neuron-specific enolase-associated immunofluorescent staining. As Fig. 1, A and B , demonstrates, an enolase-associated immunofluorescence signal was detected from pyramidal neurons, but not from cerebral artery myocytes, thereby allowing to specifically identify neuronal cells.
Next, we determined the cellular cholesterol content of freshly isolated pyramidal neurons using filipin staining. As shown in Fig. 1 , C-E, the cholesterol level in neurons isolated from animals that have been on a high-cholesterol diet for 18 -23 weeks was significantly higher than in neurons isolated from animals subjected to a control iso-caloric diet. These data demonstrate that along with an increase in blood serum cholesterol, cholesterol levels in hippocampal neurons are also increased following high-cholesterol dietary intake.
In vitro cholesterol enrichment of pyramidal neurons results in increased cholesterol levels in the neurons
Having demonstrated that a high cholesterol diet leads to increased cholesterol levels in hippocampal neurons, we next tested whether in vitro enrichment of cholesterol has a similar effect, and could thus serve as a model system to test the effect of cholesterol on hippocampal GIRK currents. To this end, we enriched hippocampal CA1 pyramidal neurons by exposing the neurons for 1 h to methyl-␤-cyclodextrin (M␤CD) saturated with cholesterol, a well known cholesterol donor (59) . As demonstrated in Fig. 1F , this treatment resulted in an increase in cholesterol levels in hippocampal neurons that was comparable with the increase in cholesterol levels in the neurons observed following high-cholesterol dietary intake ( Fig. 1D ). Conversely, cholesterol depletion of hippocampal neurons by a 30-min exposure to cholesterol-free M␤CD, which acts as a choles- A and B, neuron-specific, enolase-associated immunofluorescence signal was detected from (A) pyramidal neurons from the CA1 hippocampal region, but not from (B) cerebral artery myocytes. C-E, filipinassociated fluorescence signal of hippocampal CA1 pyramidal neurons from rats on control (C) versus (D) a high-cholesterol diet. E, summary data of filipinassociated fluorescence signals of hippocampal CA1 pyramidal neurons from rats on control and on a high-cholesterol diet (n ϭ 12-13). F, summary data of filipin-associated fluorescence signals obtained from control, cholesterol-depleted, and cholesterol-enriched isolated hippocampal CA1 pyramidal neurons (n ϭ 12-14). Significant difference is indicated by an asterisk (*, p Յ 0.05).
terol acceptor (59) , resulted in a decrease in cholesterol levels ( Fig. 1F ).
These data demonstrate that in vitro cholesterol enrichment of hippocampal CA1 pyramidal neurons can serve as a model system that represents the effect of a high-cholesterol dietary intake on the levels of cholesterol in the neurons.
GIRK currents in hippocampal pyramidal neurons are up-regulated by cholesterol
Next, to investigate the role of cholesterol in modulating hippocampal GIRK channels, we examined the effect of both cholesterol enrichment and depletion on baclofen-induced GIRK currents in freshly isolated neurons obtained from the CA1 region of the hippocampus of rats. As shown in Fig. 2 , A-E, cholesterol enrichment by exposing hippocampal CA1 pyramidal neurons for 1 h to M␤CD saturated with cholesterol resulted in an ϳ2-fold increase in both inward and outward baclofen-induced GIRK currents that were sensitive to the selective GIRK channel-blocker tertiapin-Q (60). Conversely, cholesterol depletion following a 30-min exposure to cholesterol-free M␤CD decreased hippocampal GIRK currents (Fig. 2 , A-E). Similarly to the effect of cholesterol enrichment on both inward and outward GIRK currents, cholesterol depletion also had a substantial effect on both the larger inward currents and the physiologically relevant smaller outward currents.
Cholesterol enrichment leads to an increase in the open probability of GIRK2 ∧
To obtain insights into the molecular mechanism that underlies cholesterol regulation of GIRK channels expressed in the brain, we focused on GIRK2, a channel that expresses as a homotetramer and is abundantly present in the brain. Because we have previously shown that GIRK1* was downregulated by cholesterol, we hypothesized that GIRK2 subunits would dominate the effect of cholesterol on GIRK currents in hippocampal CA1 pyramidal neurons. We thus tested the effect of cholesterol on GIRK2 ∧ (GIRK2_E152D), a pore mutant of GIRK2 that increases its membrane expression and activity (61) .
Our earlier studies have demonstrated that cholesterol enrichment leads to an increase in the open probability (62) of both GIRK4* and GIRK1/GIRK4, the channels predominantly expressed in the heart. In contrast, our data indicated that cholesterol does not affect the conductance of the channels (62) . To test if this is also the case for the neuronal GIRK2 channel, we determined the effect of cholesterol on both the open probability and the conductance of GIRK2 ∧ . To that end, we reconstituted the channel in planar lipid bilayers that enable control over the amount of cholesterol in the membrane-forming lipid mixture. We first confirmed that the channel was incorporated in the bilayers by using the selective GIRK channel blocker tertiapin-Q (60). Fig. 3A shows representative single channel activity traces of the reconstituted channel in the absence and presence of tertiapin-Q. As can be seen in Fig. 3A and in the summary data in Fig. 3D , the resultant currents were sensitive to tertiapin-Q.
Next, we determined the effect of cholesterol on the open probability and conductance of the reconstituted channel in lipid bilayers. To that end, we used 33% cholesterol, the molar fraction of cholesterol found in native membranes of mammalian cells (63) , and thereby commonly used for studying cholesterol effects on potassium channels (62, 64, 65) . Representative single channel traces of the reconstituted GIRK2 ∧ channel protein in control bilayers and in bilayers with cho-lesterol are depicted in Fig. 3B for both inward (Ϫ100 mV) and outward (ϩ100 mV) currents. To confirm that the effect of cholesterol on the currents observed was due to an increase in GIRK2 ∧ activity, we subjected the cholesterolcontaining bilayers to tertiapin-Q. The extended trace in Fig.  3C demonstrates the sensitivity of the currents to tertiapin-Q confirming that the effect observed is an increase in GIRK2 ∧ activity by cholesterol.
As evident in the representative traces ( Fig. 3, A and B) , and quantified in the summary data ( Fig. 3D ), cholesterol increased the overall open probability of the channel, NP o , from 0.08 Ϯ 0.03 in the absence of cholesterol to 1.7 Ϯ 0.5 in the presence of 33% cholesterol. This implies that enriching the bilayers with 33% cholesterol resulted in a 21.2 Ϯ 6.8-fold increase in the open probability of the channel (Fig. 3E ). In contrast, cholesterol did not have a significant effect on the conductance of GIRK2 ∧ (Fig. 3, F and G) . Specifically, the conductance of the channel was 21.4 Ϯ 1.9 pS in the absence of cholesterol, and 24.3 Ϯ 3.8 pS in the presence of 33% cholesterol ( Fig. 3 , F and G).
Identification of cholesterol putative binding regions in GIRK2 ∧
Our earlier studies of a member of a different subfamily of inwardly rectifying potassium channels, Kir2.1, which is downregulated by cholesterol (28) , suggested that cholesterol may bind to two non-annular hydrophobic regions in the transmembrane domain of the channel (66) . We hypothesized that despite the opposite impact of cholesterol on Kir2.1 and GIRK2 ∧ (down-regulated versus up-regulated, respectively), cholesterol would bind to similar regions of the transmembrane domain of the two channels. To test this hypothesis, we employed a combined computational-experimental approach.
First, we carried out molecular docking analysis of cholesterol to the transmembrane domain of the channel and its interface with the cytosolic domain. To that end, we used a model of GIRK2 that was based on a crystal structure of the channel, PDB code 3SYO (67) . Because the crystal structure lacked unstructured regions of the N and C termini, we modeled them to obtain a more complete structure of the channel. Analysis of the top 100 poses obtained from the molecular docking analysis led to two putative cholesterol-binding sites in GIRK2 located primarily at the center of the transmembrane domain and at the interface between the transmembrane and cytosolic domains of the channel (Fig. 4A ). These results suggest that indeed cholesterol binds to two regions in GIRK2 that correspond to the putative cholesterol-binding sites of Kir2.1.
To corroborate these results, we next determined the effect of mutations of four representative types of residues on the sensitivity of GIRK2 ∧ to cholesterol. The representative residues were identified based on interactions observed in poses that represent the two putative binding sites obtained from the docking analysis (Fig. 4B ). The four types of residues and the specific mutations tested based on the computational analysis were as follows.
Type a: Directly interacting residues located at the bottom of each of the two putative binding sites-In both sites the cholesterol molecule was engulfed by multiple hydrophobic residues ( Fig. 4 , C and E). Among these, Val 99 and Leu 174 in site 1 and Val 101 and Val 183 in site 2 were located at the bottom of the corresponding binding pocket directly interacting with the cholesterol molecule ( Fig. 4, D and F) . Based on their locations, these residues were likely to be crucial for cholesterol modulation of the channel, and their mutation was expected to have a significant effect on the sensitivity of the channel to cholesterol.
Type b: A residue that could have an indirect effect on the sensitivity of the channel to cholesterol-The location of the Leu 86 residue in site 2 suggested that it could play a role in the regulation of the channel by cholesterol in an indirect manner through the aromatic Phe 186 residue that interacted with the ring structure of the cholesterol molecule ( Fig. 4G ). Thus, its mutation was predicted to affect the sensitivity of the channel to cholesterol.
Type c: Mutation-tolerant residue positioned in proximity to the cholesterol molecule, but not tightly packed-Ile 195 is positioned along the ring structure of the cholesterol molecule in site 2 (Fig. 4E ), albeit in a manner that could potentially tolerate APRIL 14, 2017 • VOLUME 292 • NUMBER 15 JOURNAL OF BIOLOGICAL CHEMISTRY 6139 mild mutations. Accordingly, its mutation was not expected to have an effect on cholesterol modulation of the channel.
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Type d: A residue that faces away from both putative cholesterolbinding sites-The side chain of Met 100 was facing the membrane away from both putative binding sites ( Fig. 4 , C and E). Accordingly, its mutation was not expected to affect the sensitivity of the channel to cholesterol.
The locations of the above seven representative residues are depicted in Fig. 5C . We mutated each of these representative residues to a similar type of residue that differed from the original residue either by its size or three-dimensional structure of its side chain. This approach guarantees that in the majority of cases, the mutation would result in a functional channel, and that the effect on basal channel activity would be minimal (66) . Also, because these mutations were very mild, only mutations of residues that were highly critical for cholesterol sensitivity of the channel were expected to have an effect.
To test the effect of these mutants on the sensitivity of the channel to cholesterol, we turned to the Xenopus oocyte heterologous expression system, a highly efficient tool for mechanistic studies of ion channels. To determine whether this expression system could serve as a model system, we first tested whether the effect of cholesterol on GIRK2 ∧ was similar to the effect of cholesterol on GIRK currents in hippocampal pyramidal neurons. As shown in Fig. 5, A and B , cholesterol had a similar impact on GIRK2 ∧ currents as on GIRK currents in hippocampal pyramidal neurons. Enrichment of Xenopus oocytes with cholesterol resulted in an ϳ2-fold increase in whole cell currents.
We thus proceeded to determine the effect of mutations of the four representative types of residues described above on the sensitivity of GIRK2 ∧ to cholesterol. As shown in Fig. 5D , five of the seven mutants tested were insensitive to cholesterol (residues of types a and b). More specifically, as predicted by the molecular docking analysis, whereas M100L (type d) and I195M (type c) mutations did not affect the sensitivity of the channel to cholesterol, the L86V (type b), V99I (type a), V101A (type a), L174V (type a), and V183I (type a) mutations abrogated its cholesterol sensitivity. The clear correspondence between the computational prediction and the mutagenesis data further support the notion that cholesterol binds to similar regions of the transmembrane domains of GIRK2 ∧ and Kir2.1.
Discussion
In recent years, cholesterol has emerged as a major ion channel regulator (e.g. for reviews, see Refs. 24 -26) . The major finding of the current study is that cholesterol enhances the currents of GIRK channels expressed in the brain. Because GIRK channels mediate many of the actions of inhibitory neurotransmitters (1-9), an increase in GIRK currents may be detrimental (16) . Elevated cholesterol levels have been associated with the development of neurodegenerative disease (21) (22) (23) . Thus, our findings regarding cholesterol modulation of neuronal GIRK currents may lead to novel approaches for prevention and therapy of cholesterol-driven neurodegenerative disease.
Our earlier data has shown that the GIRK4* homomer was up-regulated by cholesterol as was the GIRK1/GIRK4 heteromer, which underlies atrial K Ach currents in the heart (17, 27) . In contrast, GIRK1* was down-regulated by cholesterol suggesting that GIRK4 dominates the effect of cholesterol on GIRK channels expressed in the heart (17) . In the brain, expression of GIRK4 channels is low, and GIRK1, GIRK2, and GIRK3 are more abundant (42) (43) (44) (45) (46) (47) (48) (49) . In view of the opposite impact of cholesterol on GIRK1 and GIRK4, it was therefore unclear whether an increase in cholesterol levels would up-regulate the activity of GIRK channels expressed in the brain or down-regulate it.
To determine the potential physiological relevance of increased levels of cholesterol in neurons, we first investigated whether a high cholesterol dietary intake could result in an increase in cholesterol levels in neurons that express GIRK channels. Our data demonstrated that a high-cholesterol diet results in a 2-3-fold increase in cholesterol levels in pyramidal neurons freshly isolated from the CA1 region of the hippocampus of rats. These results were surprising as the majority of cholesterol in the brain is synthesized de novo within the brain tissue, and an intact blood barrier is expected to preclude cholesterol influx from the blood (68) . Moreover, increased dietary intake of cholesterol has been shown to inhibit endogenous synthesis of cholesterol (69, 70) . An increase in cholesterol content has also been reported recently in cerebral arteries of rats following a high-cholesterol diet (71) . Noteworthy, immediately prior to cholesterol determination, the arteries were stripped of the endothelial layer suggesting that diet-driven accumulation of cholesterol within the brain spread beyond the blood-brain barrier. Such equilibration of brain cholesterol content with blood cholesterol may be attributed to hypercholesterolemia-induced damage of the blood-brain barrier (72, 73) .
To facilitate the studies of cholesterol regulation of GIRK channels in neurons, we determined the effect of cholesterol manipulation in vitro on cholesterol levels. This treatment yielded an increase in cholesterol levels within the hippocampal neuronal cells that was comparable with the cholesterol increase observed due to a high-cholesterol diet in vivo. This result paved the way to using in vitro manipulation of cholesterol levels in hippocampal neurons as a physiological model system to test the effect of cholesterol on neuronal GIRK channels.
Using neuronal cholesterol in vitro enrichment as a model system, our data showed that similarly to GIRK channels expressed in atrial cardiomyocytes, GIRK channels expressed in hippocampal CA1 neurons are also up-regulated by cholesterol despite the different subunit composition of the channel. These data indicated also that in the case of hippocampal GIRK channels, the effect of cholesterol on GIRK1 is dominated by the effect of cholesterol on the other GIRK subunits, GIRK2 and/or GIRK3. Because GIRK3 as a homomer does not form functional channels, we focused on GIRK2. Our data using both Xenopus oocytes and lipid bilayers demonstrated that similarly to GIRK currents in freshly dissociated CA1 neurons, GIRK2 ∧ is up-regulated by cholesterol.
Furthermore, the planar lipid bilayer data demonstrated that cholesterol up-regulates GIRK2 ∧ currents by increasing its open probability. This increase in channel activity by cholesterol is unlikely to be explained by the effect of cholesterol on membrane rigidity. An increase in membrane rigidity is expected to increase the energetic cost of the bilayer deformation that occurs when a protein undergoes a conformational change (74) . Thus, to minimize this energetic cost, a decrease in channel activity would be expected (62) . Yet, cholesterol increases GIRK2 ∧ activity suggesting that this regulation may depend instead on specific interactions between the channel and individual cholesterol molecules in the bilayer.
GIRK channels are a subfamily within the inwardly rectifying potassium (Kir) family of channels. Our recent studies of a member of the Kir2 subfamily, Kir2.1, which is down-regulated by cholesterol, led to the identification of cholesterol regulatory sites in the cytosolic domain of the channel as well as two putative cholesterol-binding sites in the transmembrane domain (66, 86) . One primary binding site was located at the center of the transmembrane domain. The second binding site was located at the interface of the transmembrane and cytosolic domains, and was possibly a transient binding site. We have also shown that despite the opposite impact of cholesterol on Kir2.1 and GIRK4* (down-regulated versus up-regulated), mutations of residues in the cytosolic CD-loop of GIRK4* have a similar effect on the modulation of the channel by cholesterol as do mutations in the same regulatory region in Kir2.1 (27) . In both cases, these mutations significantly reduced or even abrogated the sensitivity of the channels to cholesterol. We thus hypothesized that the binding site(s) of cholesterol in GIRK2 ∧ would be located in channel regions that correspond to the cholesterol putative binding regions identified in Kir2.1. These two putative binding sites were located between the transmembrane ␣-helices of Kir2.1 in nonannular regions that occluded membrane phospholipids. To determine whether this is the case in GIRK2 ∧ as well, we used a combined computationalexperimental approach. We first performed a molecular docking study to search for putative cholesterol-binding sites. Subsequently, we tested the results obtained computationally in a functional study, and determined the effect of mutations of representative transmembrane residues of GIRK2 ∧ on its cholesterol sensitivity. We observed a clear correspondence between the predictions obtained based on the molecular docking analysis and the mutagenesis data. Specifically, residues whose mutation significantly affected the sensitivity of GIRK2 ∧ to cholesterol were predicted to either directly interact with the cholesterol molecule (Val 99 , Val 101 , Leu 174 , and Val 183 ) or affect the sensitivity of the channel to cholesterol via a critical adjacent residue (Leu 86 through the aromatic Phe 186 ). Two of these residues, Val 99 and Leu 174 , were located in a site at the center of the transmembrane domain (site 1). Leu 86 , Val 101 , and Val 183 , on the other hand, were located at a second site at the interface of the transmembrane and cytosolic domains (site 2). This correspondence between the functional assay and the results of the molecular docking supports the notion that GIRK2 ∧ has two Cholesterol regulation of neuronal GIRK channels APRIL 14, 2017 • VOLUME 292 • NUMBER 15
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putative cholesterol-binding sites located in the same regions as the putative sites in Kir2.1.
Three cholesterol-binding motifs have been previously identified. The first and well established cholesterol recognition amino acid consensus (CRAC) motif is -(L/V)X 1-5 YX 1-5 (R/K)-, where X 1-5 represents 1-5 residues of any amino acid (75, 76) . This motif has been identified in several ion channels (77) (78) (79) . A second motif is the cholesterol consensus motif that was proposed based on the complexed crystal structure of the ␤-adrenergic receptor with cholesterol. This motif includes residues on adjacent helices of the G protein-coupled receptor: (W/Y)(I/ V/L)(K/R) on one helix and (F/Y/R) on a second helix (80) . Last, the inverted CRAC sequence, the CARC motif, (R/K)X 1-5 (Y/ F)X 1-5 (L/V), has been suggested to be responsible for cholesterol interactions with AChR, and was shown to be more consistent in predicting cholesterol recognition motifs in integral membrane proteins (81) . The common characteristic of these three motifs is that they all include a hydrophobic residue (I/L/ V), an aromatic residue (F/Y/W), and a positively charged residue (R/K).
Our earlier studies of putative cholesterol-binding sites in Kir2.1 suggested that although a CARC motif may represent a part of site 2, the cholesterol binding region at site 1 that did not include a positively charged residue differed from all three previously identified cholesterol binding motifs (66) . In GIRK2 ∧ , site 1 partially overlaps with a CARC motif: Arg 92 -Phe 98 -Val 101 . Site 2, on the other hand, includes residues Trp 91 -Ile 195 -Lys 200 from one subunit, and Phe 186 from an adjacent subunit, thereby resembling the cholesterol consensus motif. However, whereas Trp 91 , Ile 195 , and Lys 200 are located in proximity to each other at the interface between the transmembrane and cytosolic domains, they belong to different helices. Trp 91 is in the outer helix, Ile 195 is in the inner helix, and Lys 200 is in the helix that links the inner helix to the cytosolic domain. Thus, similarly to Kir2.1, the putative cholesterol binding sites in GIRK2 ∧ also diverge from the known cholesterol binding motifs.
In summary, our study unveiled the molecular details of cholesterol-driven up-regulation of neuronal GIRK2 channel function. This channel represents an addition to the short list of channels that are up-regulated by elevated levels of cholesterol. Our data indicate that this effect is due to an increase in the open probability of the channel, and is likely driven by direct cholesterol binding to the transmembrane domain of the channel. These data may ultimately lead to the development of novel approaches to counteract the effect of elevated cholesterol on neuronal and brain function.
Experimental procedures
Rat high cholesterol diet
A group of 25-day-old male Sprague-Dawley rats was placed on a high-cholesterol diet (2% cholesterol in standard rodent food) (Harland-Teklad). Another group of the same age was fed an isocaloric, cholesterol-free diet from the same supplier. Rats were sacrificed after 18 -23 weeks on control or high-cholesterol diet.
Preparation of freshly dissociated hippocampal neurons
Hippocampi from adult male Sprague-Dawley rats were dissected in ice-cold, oxygenated dissociation solution containing (in mM): 82 Na 2 SO 4 , 30 K 2 SO 4 , 5 MgCl 2 , 10 HEPES, 10 glucose, and 0.001% phenol red indicator, pH 7.4. The CA1 region was dissected out and immediately incubated for 9 min at 37°C in dissociation solution containing 3 mg/ml of protease (Type XXIII, Sigma). The enzyme solution was then replaced with dissociation solution containing 1 mg/ml of trypsin inhibitor and 1 mg/ml of bovine serum albumin, and the tissue was allowed to cool to room temperature under an oxygen atmosphere. As cells were needed, tissue was triturated to release individual cells into a recording chamber filled with Tyrode's extracellular recording solution containing (in mM): 150 NaCl, 8 KCl, 2 CaCl 2 , 2 MgCl 2 , 10 glucose, and 10 HEPES, pH 7.4, with NaOH. Cells were used within 6 -8 h following incubation in the dissociation solution (see above).
Identification of pyramidal hippocampal neurons
CA1 pyramidal neurons were identified morphologically under an Olympus IX-70 microscope (ϫ40), based on size and shape (82) . Cells identified as pyramidal neurons had a large pyramidal-shaped cell body with a thick apical dendritic stump and, in some neurons, one to four basal dendritic stumps. We confirmed that this morphology corresponded to a neuronal tissue by immunofluorescent staining of freshly dispersed neurons using a chicken polyclonal IgY primary antibody against a neuron-specific enolase (1:100, Abcam) and a DyLight 488conjugated secondary antibody (1:100, Abcam) following conventional procedures (52, 83) .
Filipin staining
Cholesterol measurements in isolated neurons from rats on a high-cholesterol diet were performed in three independent experiments. Each experiment involved one rat on a high-cholesterol diet and one rat representing an age-matched control that received regular rodent chow. Filipin staining was performed immediately after neuron isolation. In each experiment, staining procedures were performed simultaneously on the preparations from neurons isolated from the rats on a highcholesterol diet versus control.
Cholesterol measurements following in vitro cholesterol manipulation of isolated neurons were performed in two sets of experiments. In the first set of experiments, one rat donor was used for all three groups (naive cholesterol, cholesterol depletion, and cholesterol enrichment), and in the second set of experiments, a mixture of neurons was obtained from two donors. This mixture was used for imaging of all three groups (naive cholesterol, cholesterol depletion, and cholesterol enrichment). For experiments with cholesterol manipulation in vitro, cells were isolated, immediately subjected to either manipulation of cholesterol level or control incubation in Tyrode's solution, and then immediately stained with filipin. In each set of experiments, the staining procedures were performed simultaneously on preparations with naive cholesterol, depleted, and enriched cholesterol levels.
Filipin staining was performed according to a conventional protocol. In brief, freshly dispersed neurons on glass slips were fixed in 4% paraformaldehyde for 15 min at room temperature. Upon paraformaldehyde washout, cells were permeabilized with 0.5% Triton in PBS for 10 min. Upon washout of Triton, cells were stained with filipin-containing PBS (25 g/ml prepared from a stock solution of 10 mg/ml of filipin in DMSO) for 2 h at room temperature in the dark. Upon washout, slips were mounted using ProLong AntiFade kit (Invitrogen, Carlsbad, CA) and sealed using clear nail polish. Fluorescence images were obtained using 405 laser line of Olympus FV-1000 laser scanning confocal system (Center Valley, PA). Fluorescence was quantified using the built-in function in FV10-ASW 3.1 software (Olympus American Inc., Center Valley, PA). A minimum of 4 -5 cells were imaged from each slide. Fluorescence was quantified by measuring the intensity of pixels above a set threshold defined as the mean fluorescence intensity outside the cells (i.e. background).
Cholesterol enrichment and depletion of hippocampal neurons
As previously described for other cell types (84), CA1 pyramidal neurons were depleted of cholesterol by exposure to the cholesterol acceptor M␤CD. Alternatively, cells were enriched with cholesterol by treatment with M␤CD saturated with cholesterol, a well known cholesterol donor. Depletion was carried out with freshly prepared 5 mM M␤CD in Tyrode's extracellular recording solution for 30 min. For enrichment, an M␤CD-cholesterol complex was prepared in Tyrode's extracellular recording solution as described previously (59) . In brief, cholesterol powder was added to 5 mM M␤CD in Tyrode's extracellular recording solution. This preparation was sonicated, and then incubated overnight in a shaking water bath at 37°C. The cells were incubated with the M␤CD-cholesterol complex-containing solution for 1 h.
Whole cell voltage-clamp recordings from pyramidal hippocampal neurons
Recordings of CA1 pyramidal neurons were carried out in the presence of Tyrode's extracellular recording solution (mM) 150 NaCl, 4 KCl, 2 CaCl 2 , 2 MgCl 2 , 10 glucose, and 10 HEPES, pH 7.4. Patch pipettes are pulled from 100-l calibrated pipettes for electrophysiological recordings with aspirator already included into the pipette (Drummond Scientific Company, Broomall, PA). Pipette resistances ranged from 2 to 5 M⍀ when filled with internal solution containing (in mM): 135 potassium gluconate, 10 NaCl, 1 EGTA, 2 MgCl 2 , 10 HEPES, 14 creatine phosphate (Tris salt), 4 Mg-ATP, and 0.3 GTP (Tris salt), pH adjusted to 7.4 with KOH ([Mg 2ϩ ] free Ϸ 2.1 mM). An Ag/AgCl electrode was used as ground electrode. The liquid junction potential between the internal solution and Tyrode's solution (in which the current is zeroed before obtaining a seal) was calculated to reach 16.4 mV (pCLAMP9.2, Molecular Devices). Membrane potentials were not corrected for this junction potential. Experiments were carried out at room temperature (21°C). GIRK currents were acquired using an EPC8 (HEKA) amplifier and digitized at 1 kHz using a Digidata 1320A A/D converter and pCLAMP8 software (Molecular Devices). Macroscopic currents were evoked from a holding potential of Ϫ80 mV by 200-ms long, 10-mV depolarizing steps from Ϫ120 to ϩ60 mV. Currents were low pass-filtered at 1 kHz and sampled at 5 kHz. Current amplitude was averaged within 100 -150 ms after the start of the depolarizing step. The extracellular solution also contained 1 M tetrodotoxin and 10 M NiCl 2 . To evoke GIRK currents, we used 100 M baclofen (52), a GABA B receptor agonist. Pre-baclofen (basal) currents were subtracted from baclofen-induced currents to isolate baclofen-specific currents. The channel was then selectively blocked with 100 nM tertiapin-Q (60) . The resulting currents were then subtracted from the baclofen-specific currents to isolate the tertiapin-Qsensitive GIRK component. Subtraction of the traces was performed using a built-in function in Clampfit 9.2 software (Molecular Devices). Notably, tertiapin-Q has been shown to partially inhibit the outward currents of calcium-and voltagegated potassium channels of large conductance (BK) at a similar nanomolar concentration (85) . However, under the experimental conditions used in this study, the contribution of BK channel block to the tertiapin-Q-sensitive currents is expected to be insignificant. First, the blocking kinetics of the GIRK and BK channels by tertiapin-Q differ substantially. Second, the application protocols of tertiapin-Q are very different. Specifically, inhibition of BK channels by tertiapin-Q is use-and voltage-dependent, and requires over 15 min of stimulation by depolarizing steps (85) . In contrast, inhibition of GIRK channels by tertiapin-Q does not involve continuous stimulation of the cell with voltage steps, and occurs within 1 min (60) . Data were presented as mean Ϯ S.E. Statistical analysis was performed using InStat 3.0 (GraphPad). Significance was obtained using either t test or one-way ANOVA followed by Tukey test in accordance with experimental design. Final plotting and fitting of the data were conducted using Origin 7.0 (Originlab).
Expression of recombinant channels in Xenopus oocytes
cRNAs were transcribed in vitro using the "Message Machine" kit (Ambion, Austin, TX). Oocytes were isolated and microinjected as described previously (76, 86) . Expression of channel protein in Xenopus oocytes was accomplished by injection of the desired amount of cRNA. Each oocyte was injected with 2 ng of channel cRNA. All oocytes were maintained at 17°C. Two-electrode voltage-clamp recordings were performed 2 days following injection. For harvesting the proteincontaining membrane vesicles for lipid bilayer experiments, oocytes were processed as previously described (87, 88) .
Bilayer experiments
Bilayer experiments were performed as described (62, 87) . The experimental apparatus consisted of two 1.4-ml chambers separated by a Teflon film that contains a single hole (200 m in diameter). The bilayer recording solution in both chambers consisted of (mM): 150 KCl, 1 CaCl 2 , 1 MgCl 2 , 10 Tris/HEPES, pH 7.4. Bilayer lipids were dissolved in chloroform, then dried under N 2 atmosphere and re-suspended in n-decane as previously described (64) . A lipid bilayer was formed by "painting" the hole with a 1:1 mixture of L-␣-phosphatidylethanolamine (POPE) and 1-palmitoyl-2-oleoyl-sn-glycero-3-(phosphor-Lserine) sodium salt (POPS) dissolved in n-decane to a final concentration of 25 mg/ml. For experiments with cholesterol, cholesterol powder was first dissolved in chloroform and then added to the lipid mixture in chloroform to reach the desired concentration of 33 mol % prior to drying under N 2 . The cis side was defined as the chamber connected to the voltage-holding electrode, and all voltages were referenced to the trans side (ground) of the chamber. To activate the GIRK channel (90), 12.5 M diC 8 -PI(4,5)P 2 was added to the cis chamber (62, 87) . The pellet obtained from the membrane preparation of oocytes injected with the channel-coding cRNA was re-suspended in 100 l of bilayer recording solution. After bilayer formation (80 -120 pF), a 5-l aliquot of resuspended membrane preparation was added to the cis side of the chamber and stirred for 5 min. The orientation of the channel insertion was defined by the rectification in response of a set of voltages from Ϫ100 to ϩ100 mV. Records were low-passed filtered at 1 kHz, and sampled at 5 kHz. The identity of the channel was confirmed by the addition of the selective blocker tertiapin-Q (100 nM) (60) to the chamber corresponding to the extracellular side of the bilayer. Ion currents were recorded for 20 s using a Warner BC-525D amplifier, low-pass filtered at 1 kHz using the 4-pole Bessel filter built in the amplifier, and sampled at 5 kHz with Digidata 1322A/pCLAMP 9.2 (Molecular Devices). The bilayer channel unitary current amplitude (pA) and channel open probability (P o ) were determined using a built-in function in Clampfit 9.2 (Molecular Devices). If multiple channel events (e.g. opening levels) were observed in a single bilayer recording, the total number of functional channels (n) in the bilayer was estimated from the number of opening levels at Ϫ100 mV. In such cases, the product of the number of channels (n) and the P o was used to measure the channel activity in the bilayer. Data were presented as mean Ϯ S.E. Statistical analysis was performed using InStat 3.0 (GraphPad). Significance was obtained using either t test or one-way ANOVA followed by Tukey test in accordance with the experimental design. Final plotting and fitting of the data were conducted using Origin 7.0 (Originlab).
Homology modeling
A combined ROSETTA/SWISS-MODEL protocol was used for the development and refinement of the structures. First, multiple sequence alignment was performed using CLUSTALW algorithm. Then models were generated from the alignment in a stepwise manner. Backbone coordinates for the aligned positions were extracted from the template and regions of insertions/deletions in the alignment were modeled by either searching loop library or by a search in the conformational space using constraint space programming. The backbone atom positions of the template structure were averaged for the generated models with multiple sequence alignments. The templates were weighted by their sequence similarity to the target sequence and outlier atom positions were excluded. A scoring function was used to assess favorable interactions (hydrogen bonds, disulfide bridges) and unfavorable close contacts for the determination of the side chain conformations that were derived from a backbone-dependent rotamer library. We used QMEAN score to provide an estimate for the degree of nativeness of the structural features observed in the model and determine the quality of the models compared with experimental structures. The score function penalized structural features of models that exhibited considerable deviations from the expected observed properties including, for example, unexpected solvent accessibility, inter-atomic packing, and backbone geometry.
Molecular docking
The cholesterol molecule was docked to the channel using AutoDock 4 (91) . Input files for both the channel and cholesterol (the ligand) were prepared using MGL Tools 1.5.2 (91) . The grid maps for van der Waals and electrostatic energies were prepared using AutoGrid version 4.0 with 126 ϫ 126 ϫ 126 points spaced at 0.375 Å distances. Default Autodock parameters were used except that each docking simulation consisted of 100 runs of a Lamarckian Genetic Algorithm. As a genetic algorithm, the Lamarckian Genetic Algorithm uses the language of natural genetics in which the state of the ligand corresponds to the genotype, and its atomic coordinates correspond to the phenotype. In the implementation of the AutoDock genetic algorithm, the genes were considered as a string of real values representing the Cartesian coordinates for the ligand translation, four variables for the quaternion defined the orientation of the ligand, and one value defined each ligand torsion. In the initial step of the conformational space search of the ligand, we generated a population of random conformers that uniformly covered the grid space. Subsequently, the population of each generation was subjected to mutation, crossover, and a local search. The size of the initial random population of individuals was set to 150 individuals, the maximal number of energy evaluations was 2.5 ϫ 10 6 , the maximal number of generations was set as 27,000, the probability of performing local search on an individual was set as 0.06, the probability that a gene would undergo a random change was 0.02, and the crossover probability was 0.80.
Cholesterol enrichment of Xenopus oocytes
Treatment of Xenopus oocytes with a mixture of cholesterol and lipids has been shown to increase the cholesterol/phospholipid molar ratio of the plasma membrane of the oocytes (89) . Thus, to enrich the oocytes with cholesterol we used a 1:1:1 (w/w/w) mixture containing cholesterol, porcine brain L-␣phosphatidylethanolamine, and 1-palmitoyl-2-oleoyl-snglycero-3-phospho-L-serine (Avanti Polar Lipids, Birmingham, AL). The mixture was evaporated to dryness under a stream of nitrogen. The resultant pellet was suspended in a buffered solution consisting of 150 mM KCl and 10 mM Tris/HEPES, pH 7.4, and sonicated at 80 kHz in a bath sonicator (Laboratory Supplies, Hicksville, NY). Xenopus oocytes were treated with a cholesterol/lipid mixture for 1 h immediately prior to electrophysiological recordings.
Two-electrode voltage clamp recording and analysis
Whole cell currents were measured by conventional two microelectrode voltage clamp with a GeneClamp 500 amplifier (Axon Instruments, Union City, CA), as reported previously (48, 86) . A high potassium solution was used to superfuse oocytes (96 mM KCl, 1 mM NaCl, 1 mM MgCl 2 , 5 mM KOH/ HEPES, pH 7.4). Basal currents represent the difference of inward currents obtained (at Ϫ80 mV) in the presence of 3 mM BaCl 2 in high potassium solution from those in the absence of Ba 2ϩ . Data were presented as mean Ϯ S.E. Statistical analysis was performed using Origin 7.0 (Originlab). Significance was obtained using t test or one-way ANOVA in accordance with the experimental design. Final plotting of the data were conducted using Origin 7.0 (Originlab).
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